Methanomicrobium mobile requires a heat-stable factor present in ruminal fluid and in boiled cell extract from Methanobacterium thermoautotrophicum for growth. By comparing the growth of M. mobile with boiled cell extract with that observed with various methanogenic cofactors, we found that 7-mercaptoheptanoylthreonine phosphate (HS-HTP) supported sustained growth of M. mobile, at an optimal concentration of 100 I,M.
Methanomicrobium mobile requires a heat-stable factor present in ruminal fluid and in boiled cell extract from Methanobacterium thermoautotrophicum for growth. By comparing the growth of M. mobile with boiled cell extract with that observed with various methanogenic cofactors, we found that 7-mercaptoheptanoylthreonine phosphate (HS-HTP) supported sustained growth of M. mobile, at an optimal concentration of 100 I,M.
No derivatives or possible biosynthetic precursors of HS-HTP could replace HS-HTP as the sole source of growth factor. Results suggest that the growth requirement might be satisfied by 7-mercaptoheptanoic acid plus a second, unidentified heat-stable factor.
Methanomicrobium mobile from the bovine rumen (9) exhibits complex nutritional requirements for growth on H2-CO2 or formate. In addition to requiring acetate, several vitamins, and branched-chain fatty acids, M. mobile requires an additional heat-stable factor (mobile factor) for growth (12) . Paynter and Hungate demonstrated that mobile factor is best supplied by either unclarified or by preheated clarified ruminal fluid (9) , suggesting that the growth requirement is of microbial origin. In addition, M. mobile grows when supplied with extracts of mixed ruminal bacteria but not when supplied with extracts of Escherichia coli. More recently, W. E. Balch demonstrated that boiled cell extract (BCE) from Methanobacterium thermoautotrophicum can replace ruminal fluid, and partially purified mobile factor can be obtained from BCE by using anoxic chromatography with DEAE-Sephadex A-25 and Dowex 50W-X4 (12) .
Efforts to elucidate the nature of mobile factor have been hindered by the difficulty of maintaining M. mobile in culture. Growth on the complex medium described by Balch et al. (2) is erratic, and cultures often lyse shortly after inoculation (12) . The development of a defined medium has made it possible to obtain stable growth of M. mobile and to study the growth requirement for this organism (12) . Recent attempts to identify mobile factor have utilized the substitution of known cofactors of methanogenesis for BCE. We report here that 7-mercaptoheptanoylthreonine phosphate (HS-HTP) bypassed the requirement for BCE for the growth of M. mobile.
MATERIALS AND METHODS
Bacterium and culture conditions. M. mobile BP (DSM 1539) was grown on the partially defined medium described by Tanner and Wolfe (12) , which contained the following (per liter): NaCl, 0.8 g; NH4Cl, 1.0 g; KCl, 0.1 g; KH2PO4, 0.1 g; MgSO4-7H20, 0.2 g; CaCl2 2H20, 0.02 g; nitrilo- (7) . Methanopterin was purified as described previously (7) ; this preparation was not homogeneous but was resolved of all other known cofactors of the methanogenic pathway. Factor 420 (F420) was purified as described previously (5) . Factor 430 (F430) was purified from M. thermoautotrophicum as described previously (15) . 2-(Methylthio)ethanesulfonic acid (CH3-S-CoM) was synthesized as described previously (10) . The (4) . (S-HT)2 and 7-mercaptoheptanoylserine phosphate [(S-HSP)2] were synthesized by adding L-threonine and L-serine, respectively, to the N-hydroxysuccinamide ester of (S-heptanoate)2. All derivatives of (S-HTP)2 were purified to homogeneity by high-performance liquid chromatography. The structures of (S-HTP)2, (S-HSP)2, and (S-HT)2 were confirmed by nuclear magnetic resonance and mass spectrometry. (S-heptanoate)2 was obtained by crystallization as described previously (8) , and the results of mass spectrometry confirmed this product. Concentrations of (S-HTP)2 and its derivatives were determined by using the Ellman reagent to measure free thiol (6) and, where possible, by measuring phosphate (1).
Materials. All of the common chemicals were of reagent grade or better. Most medium components were obtained as described by Tanner and Wolfe (12) , and chemicals for synthesis were obtained as described by Noll et cofactors (each at 10 ,ug/ml) did not stimulate growth beyond that seen with (S-HTP)2 alone. The concentration of (S-HTP)2 which supported optimal growth was 50 ,uM ( Fig. 1 ).
Effect of derivatives or possible biosynthetic precursors of HS-HTP on growth of M. mobile. The fate of HS-HTP released by methanogens into the rumen is not known. However, it seems likely that some hydrolysis of HS-HTP occurs (e.g., removal of threonine and phosphate) and that therefore the actual component required by M. mobile is a portion of the HS-HTP molecule. Also, the high concentration of HS-HTP necessary for growth suggests that HS-HTP might not be the compound actually taken up by M. mobile. Therefore, growth was monitored by using various derivatives of HS-HTP as possible sources of mobile factor. Little growth above background was observed with L-threonine, L-threonine phosphate, or heptanoic acid (Fig. 2a) . M. mobile grew well in the initial transfer from stock with 7-bromoheptanoate (Fig. 2a) ; however, it could not be maintained in this medium and rapidly died in subsequent transfers (Fig. 2b) . The supplementation of medium containing heptanoate or 7-bromoheptanoate with threonine or threonine phosphate did not stimulate growth of M. mobile (Fig. 2a) , nor could the viability of M. mobile be maintained on these compounds (Fig. 2b) . Likewise, (S-HSP)2 sup- Growth of M. mobile was also measured by using possible biosynthetic precursors of HS-HTP as sources of mobile factor. In methanogens, it has been proposed that cx-ketoglutarate is converted via ox-ketoadipate and ox-ketopimelate to ca-ketosuberate (13) . a-Ketosuberate is then decarboxylated to 7-oxoheptanoic acid, which reacts with a persulfide, and 7-mercaptoheptanoate is released upon regeneration of the persulfide (14) . No growth above background was observed with either a-ketoglutarate, a-ketoadipate, or suberic acid as growth factors (data not shown).
The disulfide of 7-mercaptoheptanoic acid, (S-heptanoate)2, did support growth, and optimal growth was observed with (S-heptanoate)2 at concentrations of 1 ,uM or greater. However, as can be seen from Fig. 3a (Fig. 3b) . Optimal growth was observed with 50 p.M (S-HT)2 (data not shown). Although (S-HT)2 was a better source of mobile factor than (S-heptanoate)2 in that viability was maintained for a greater number of transfers, M. mobile could not be maintained indefinitely on (S-HT)2. The maximum absorbance values were obtained when (S-HTP)2 was used as the growth factor (Fig. 3c) . M. mobile could be maintained at high growth rates for more than four transfers with (S-HTP)2 as the sole source of mobile factor. In addition, preparation of the medium by adding potential growth factors prior to sterilization did not seem to affect experimental results. M. mobile grew as well with filtersterilized HS-HTP as with autoclaved HS-HTP (data not shown).
It has been reported that, although HS-HTP serves as the in vitro electron donor for the methylreductase reaction, the physiological cofactor consists of HS-HTP linked to a UDP- (11) . The addition of 500 ,uM UDP-N-acetylglucosamine did not stimulate growth of M. mobile beyond that seen with BCE (data not shown). BCE was also preincubated with pyrophosphatase for 2 h at 37°C prior to being added to the medium. Pyrophosphatasetreated BCE consistently stimulated the growth of M. mobile slightly above that seen with untreated BCE (absorbance values were approximately 0.1 U above those for untreated BCE).
Effect of tungsten on growth. Tungsten is reported to be taken up by many methanogens during growth on H2-C02 and is stimulatory to at least one organism (Methanocorpusculum parvum) belonging to the order Methanomicrobiales (16) . The effect of tungsten on the growth of M. mobile was therefore studied. Tungsten alone did not replace mobile factor (maximum A625, 0.062). M. mobile was also grown in a medium containing BCE which was supplemented with 100 ,uM tungsten. The effect of tungsten on growth was minimal. The maximum absorbance with tungsten was 0.609; with no tungsten (i.e., BCE alone), the maximum absorbance was 0.615.
DISCUSSION
The development of a medium which promotes reproducible growth of M. mobile has made possible the study of the growth factor requirement for this organism. By using known cofactors of the methanogenic pathway as possible sources of mobile factor, we showed that HS-HTP allows sustained growth of M. mobile.
The concentration of HS-HTP required for growth (100 ,uM) is relatively high, and we postulated that the polar phosphate group might inhibit uptake of the intact molecule, e.g., that 7-mercaptoheptanoylthreonine might serve as a better source of mobile factor. In addition, it seems unlikely that HS-HTP remains intact in the rumen. Therefore, further studies were undertaken to determine whether derivatives or biosynthetic precursors of HS-HTP might also replace BCE. Both 7-bromoheptanoate and (S-heptanoate)2 allowed growth in the initial transfer from stock. It In vivo, the electron donor for the methylreductase reaction consists of HS-HTP linked to a carbohydrate fragment. UDP-N-acetylglucosamine, a part of this molecule, had no effect on the growth of M. mobile. Incubation of BCE with pyrophosphatase, which cleaves uridine phosphate from the physiological cofactor, did stimulate growth; however, the nature of this stimulation has not been determined.
Although tungsten is incorporated by many methanogens and is stimulatory to M. parvum (17) , no increase in growth rate was observed when cultures of M. mobile were supplemented with tungsten, either in the presence or absence of BCE.
The addition of threonine or threonine phosphate to medium containing 7-bromoheptanoate or (S-heptanoate)2 did not stimulate or sustain the growth of M. mobile. Thus, it appears that M. mobile either does not utilize these compounds for the biosynthesis of HS-HTP or it is unable to synthesize HS-HTP from these components. M. mobile did grow initially in the presence of 7-bromoheptanoate or (S-heptanoate)2. If these compounds were inhibitory, no growth would have been observed in the first transfer from stock. An alternative explanation for the decrease in viability is that M. mobile requires a second factor which is diluted during serial transfer. The addition of small quantities of BCE to medium containing 7-bromoheptanoate dramatically stimulated the viability of M. mobile. It therefore seems that M. mobile requires at least two heat-stable factors for growth. One of these requirements is satisfied by 7-mercaptoheptanoate. M. mobile utilizes neither (x-ketoglutarate nor ax-ketoadipate, suggesting that it is deficient in the biosynthetic pathway between a-ketoadipate and 7-mercaptoheptanoate (14) . The second, unidentified factor is required for the biosynthesis of HS-HTP from 7-mercaptoheptanoate. The slight decrease in growth rates in medium containing 7-bromoheptanoate supplemented with BCE might reflect the fact that too little BCE was added. Relatively high amounts of HS-HTP were required to maintain M. mobile in culture, suggesting that HS-HTP cannot be taken up as efficiently as 7-bromoheptanoate.
It has been demonstrated that HS-HTP bypasses the requirement for BCE for the growth of M. mobile. However, the results presented here suggest that HS-HTP could be replaced by 7-mercaptoheptanoate plus a heat-stable factor found in BCE. The identity of this second component remains to be determined.
